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The discovery of oceanic black (and white) smokers revolutionized our understanding of mid-ocean ridges 
and led to the recognition of new organisms and ecosystems. Continental smokers, defined here to 
include a broad range of carbonic springs, hot springs, and fumaroles that vent mantle-derived fluids 
in continental settings, exhibit many of the same processes of heat and mass transfer and ecosystem 
niche differentiation. Helium isotope (3He/4He) analyses indicate that widespread mantle degassing is 
taking place in the western U.S.A., and that variations in mantle helium values correlate best with 
low seismic-velocity domains in the mantle and lateral contrasts in mantle velocity rather than crustal 
parameters such as GPS, proximity to volcanoes, crustal velocity, or composition. Microbial community 
analyses indicate that these springs can host novel microorganisms. A targeted analysis of four springs 
in New Mexico yield the first published occurrence of chemolithoautotrophic Zetaproteobacteria in a 
continental setting. These observations lead to two linked hypotheses: that mantle-derived volatiles 
transit through conduits in extending continental lithosphere preferentially above and at the edges of 
mantle low velocity domains. High CO2 and other constituents ultimately derived from mantle volatiles 
drive water–rock interactions and heterogeneous fluid mixing that help structure diverse and distinctive 
microbial communities.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Black and white smokers in oceanic settings are well-estab-
lished as strongly coupled systems of mantle degassing, hydro-
logic mixing, and distinctive biologic communities (Lowell et al., 
2008). Geochemical analyses of geothermal and carbonic springs 
across the western U.S.A. reveal high 3He/4He ratios indicating 
pervasive degassing of mantle volatiles also occurs in continental 
extensional regions (Welhan et al., 1988; Newell et al., 2005). Mi-
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crobial community analyses of continental springs indicate a role 
for mantle-derived fluids in structuring microbial diversity within 
them (Colman et al., 2014). However, such springs with mantle 
constituents have not yet been considered as systems with coupled 
processes directly analogous to oceanic smokers. This paper shows 
that mantle-derived gases in springs correlate spatially with geo-
physical signals of partial melts in the underlying mantle, and that 
some of these springs that are rich with mantle-derived volatiles 
host organisms similar to chemolithoautotrophic organisms that 
are largely associated with low-temperature marine vent ecosys-
tems. Based on strong similarity to coupled tectonic, hydrologic 
and biotic systems in oceans, we define continental smokers as car-
bonic springs, hot springs, and fumaroles that vent mantle-derived 
fluids in continental extensional settings.

Mantle volatiles degas through conduits and vents in both 
oceanic and continental extensional settings. In oceanic settings, 
upwelling of melts derived from geochemically depleted astheno-
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spheric mantle produces mid-ocean ridge basalt (MORB), builds 
new oceanic lithosphere, and helps drive plate tectonics. Upward 
transfer of volatiles (e.g. H2O, CO2, H2, He, CH4) accompanies up-
ward transfer of magma through thin oceanic lithosphere with 
profound hydrochemical and diagenetic effects on oceans. Seis-
mic and magmatic activity, concentrated at ridge crests, facilitates 
episodic degassing into the oceans. The transport of volatiles is lo-
cally focused into gas vents and hot springs emanations (smokers) 
that take on unique compositions driven by differences in local 
hydrochemical settings including sulfide-rich black smokers and 
carbonate-rich white smokers.

Continental extensional environments have many similarities to 
oceanic ridges but both the structural expression of extension and 
the associated melt and volatile transfer between asthenosphere 
and lithosphere are more diffuse and varied due to the greater 
thickness and heterogeneity of continental crust, and variations 
in the composition of crustal fluids (e.g. Chiodini et al., 2004;
Karlstrom et al., 2013). The conduit systems, transit times, and 
drivers for transfer of melts and volatiles through continental 
lithosphere are less well understood. In this paper we use the 
term continental smokers to include not only volcanic fumaroles 
and hot springs, but also a wide range of cool to hot carbonic 
travertine-depositing springs. These carbonic springs are locations 
of heterogeneous mixing between endogenic (deeply derived) flu-
ids, groundwater, and surface water systems (Crossey et al., 2006, 
2009). Similar mantle inputs and mixing and fractionation of flu-
ids and volatiles also take place in continental gas fields (Poreda et 
al., 1986; Gilfillan et al., 2008, 2009).

Oceanic smokers have fundamentally advanced our understand-
ing of Earth’s biosphere, life in extreme environments, and con-
nections to early Earth (Baross and Hoffman, 1985; Nakagawa and 
Takai, 2008). Similarly, microbial research in Yellowstone geother-
mal systems has revealed a diverse, yet phylogenetically distinct, 
terrestrial thermophilic biota leading to extraordinary insights into 
microbial diversity and biogeography, biogeochemistry, and the 
evolution of life (e.g. Barns et al., 1994; Hugenholtz et al., 1998;
Reysenbach and Shock, 2002; Whitaker et al., 2003; Shock et al., 
2010; Inskeep et al., 2013). Recent research in low-temperature, al-
kaline, serpentinite-hosted continental systems has indicated that 
underexplored continental systems hold great promise for under-
standing the interaction of deeply derived fluids, rich in reduced 
substrates (e.g. H2), and the microbial communities associated 
with them (Suzuki et al., 2013; Crespo-Medina et al., 2014; Meyer-
Dombard et al., 2015; Morrill et al., 2014). Moreover, microbial 
phylogenetic analysis of 28 of the carbonic springs described here 
(Table S1) suggested that some of the springs with highest deep-
fluid input contain organisms closely related to chemolithoau-
totrophs present at marine vent sites and iron-oxidizing biofilms 
(Colman et al., 2014). Thus, microbiological studies from a wider 
range of lower-temperature terrestrial springs of the type pre-
sented here have rich potential to expand our understanding of 
subsurface geobiological processes and a fuller spectrum of micro-
bial biodiversity.

Research into transport of mantle volatiles including CO2 to 
the surface through continental smokers has been underway for 
some time (e.g., Matthews et al., 1987; Greisshaber et al., 1992;
Hilton, 1996), but understanding fluid conduits, the influence of 
endogenic fluids on near-surface water quality (Earman et al., 
2008) and microbial diversity are less well developed. We com-
pile hydrochemical data from springs across the tectonically active 
western U.S.A., from the western margin of the North American 
tectonic plate to the Great Plains stable continental interior. To 
understand fluid conduits better, we seek to quantify and under-
stand the relationships of 3He/4He values observed in near-surface 
hydrologic systems to possible controlling factors such as man-
tle seismic velocity structure (Schmandt and Humphreys, 2010), 
contemporary crustal stain rate (Kennedy and van Soest, 2007), 
proximity to Quaternary volcanoes, and lithology of the crust as 
inferred from νP/νS seismic velocity ratios (Lowry and Gussinve, 
2011).

The noble gases have widespread utility as geochemical tracers 
(Porcelli et al., 2002) due to chemically inert behavior, relatively 
low abundance in the solid Earth, and large and diagnostic iso-
tope variations among various reservoirs. Helium consists of two 
isotopes: 3He (dominantly of primordial origin) and 4He (from ra-
dioactive decay). The fluid circulation systems in mid-ocean ridge 
settings carry a uniform 3He/4He ratio of 8 ± 1RA (Graham, 2002)
where RA = atmospheric 3He/4He ratio of 1.4 × 10−6. Deep man-
tle plume settings (e.g. Hawaii, Iceland, Samoa) can have 3He/4He 
>30RA consistent with tapping less degassed lower mantle reser-
voirs (Graham, 2002). These observations suggest that primordial 
helium (enriched in 3He) has been retained by the mantle through-
out Earth history, making it a unique tracer of juvenile volatiles 
(Clarke et al., 1969). In stark contrast, ancient continental cratons 
are characterized by low 3He/4He ratios (0.02RA) indicating that 
mantle keels insulate cratonic crust from asthenospheric volatiles, 
so radiogenic 4He accumulates in crustal rocks and fluids over long 
periods (Andrews, 1985). Helium isotope values >0.1RA in fluids 
found in continental settings – assuming correction for the pres-
ence of any air-derived He, are considered to provide unambiguous 
evidence for a mantle He input (Ballentine et al., 2002) and hence 
this tracer is valuable for evaluating the influence of endogenic in-
puts to the hydrochemistry and microbiology of fluids.

2. Methods

2.1. Mantle tomography methods

Body-wave tomography models (Schmandt and Humphreys, 
2010) and surface wave tomography models (Shen et al., 2013;
Yuan and Romanowicz, 2010) were used for comparison with 
3He/4He values. For the higher resolution tomography models us-
ing data from EarthScope’s Transportable Array 3He/4He values 
were compared with upper mantle velocity variations and local 
relief in upper mantle velocities. Relief was measured as the dif-
ference between the minimum and maximum velocity within a 
radius of 70 km, which is the nominal spacing of the Transportable 
Array.

2.2. Regression of wedge plots

The correlations between the 3He/4He values of springs and the 
properties of the underlying crust and mantle were determined by 
linear (least squares) regression through the maximum 3He/4He 
values (least mixed/diluted values) over a range of the man-
tle/crustal values. The regressed points are the maximum 3He/4He 
values plotted at the midpoint of the associated bins. The effect of 
varied bin sizes on the regressions was examined along with the 
exclusion of bins with less than a critical number of data points 
(“#bin” in the wedge-plots). These sensitivity tests showed that the 
slope of the regressed line was not strongly controlled by choice of 
bin size and minimum number of points in a bin in the cases of 
the regressions of 3He/4He value with νP, νS, dνP.

2.3. Strain/GPS map methods

A GPS-derived estimate of the second invariant of crustal strain 
rate in southwestern U.S. was used to assess the importance of 
regional-scale contemporary crustal strain (Kreemer et al., 2012). 
Farther into the continental interior strain rates are near or below 
the limits of detection with existing GPS constraints (Berglund et 
al., 2012), so our analysis of the correlation between 3He/4He value 
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and crustal strain rate was spatially limited to the southwestern 
U.S.A.

2.4. νP/νS Imaging methods

Bulk crustal averages of vP/vS were derived from joint in-
version of crustal receiver functions and gravity data (Lowry and 
Gussinve, 2011). Stacks of receiver function amplitudes sampled in 
crustal thickness and vP/vS velocity ratio parameter space at each 
USArray seismic site were modified by likelihood functions derived 
via optimal interpolation from surrounding sites and gravity mod-
eling. The resulting likelihood-filtered amplitude stacks were used 
to revise parameter estimates at that site. Parameters were up-
dated at all USArray sites over the course of approximately thirty 
iterations.

2.5. Molecular microbiological methods

454 pyrosequencing was performed on planktonic community 
DNA extracted from four springs in the Tierra Amarilla spring 
group of northern New Mexico (Table S1). Planktonic communi-
ties were collected by filtering ∼1 L of spring water with a 0.22 
μm Sterivex filter (Millipore, Bedford, MA) and DNA was extracted 
as described by Colman et al. (2014). 454 pyrosequencing was per-
formed at Research and Testing Laboratories (Lubbock, TX) using 
universal bacterial PCR primers, quality-filtering steps, and analyt-
ical steps described elsewhere (Van Horn et al., 2014). Briefly, 454 
pyrosequence-generated 16S rRNA gene reads were clustered into 
operational taxonomic units (OTUs, defined at the 97% similarity 
level) and representative sequences for each OTU were compared 
against the Greengenes reference database to assign taxonomy. Fur-
ther phylogenetic analysis of surface and subsurface samples at 
Twin Mound East Spring was conducted using nearly full-length 
bacterial 16S rRNA gene sequences generated with universal bac-
terial PCR primers as described in Northup et al. (2010), and se-
quenced in both directions at the Washington University Genome 
Sequencing Facility. Sequences were edited and assembled into 
contigs using Sequencher (v.4.8, Gene Codes, Ann Arbor, Michigan). 
The 16S rRNA gene sequences were chimera screened and phylo-
genetically analyzed as in Colman et al. (2015) and a maximum 
likelihood tree was constructed for the Proteobacteria representa-
tives from both samples using the GTR + G + I DNA substitution 
model.

2.6. Water chemistry methods

Geochemical analyses were conducted and compiled for vola-
tiles and water chemistry in carbonic and geothermal springs 
and groundwaters across the western U.S.A. This set of springs 
and groundwaters includes hot springs and hydrothermal fields, 
cool travertine-depositing springs, gas fields, and diffuse ema-
nations into groundwater (Table S1). Noble gas data, especially 
3He/4He data, provide unequivocal evidence for the presence of 
mantle gases in the near-surface hydrologic system if air-corrected 
3He/4He ratios are >0.1RA (>1.3% of MORB; Ballentine et al., 
2002). Carbon content of springs was analyzed in terms of total 
dissolved inorganic carbon (DIC = HCO3 + H2CO3 as modeled us-
ing U.S.G.S. code Phreec C).

3. Results

Fig. 1 plots 3He/4He values of 714 springs and groundwaters, 
including 19 new analyses, on a tomographic image of P-wave 
mantle velocity structure at 80 km, a depth likely to contain partial 
melt in much of the region (Schmandt and Humphreys, 2010). This 
map shows widespread mantle degassing in all tectonic provinces 
Fig. 1. 3He/4He values (R/RA notation) for hot springs, cool mineral springs, gas 
fields, and groundwater for the western United States. Helium isotopic values are 
overlain on P-wave velocity mantle tomography at 80 km depth (Schmandt and 
Humphreys, 2010). Blue: interpreted as high velocity, old, and cold lithosphere at 
80 km depths. Yellow to red: lower velocity and warmer lithosphere and/or as-
thenosphere at 80 km depths, interpreted to be hotter and locally partially molten. 
Tectonic provinces outlined in black.

across the western U.S.A. Highest 3He/4He values, up to 16RA, 
are observed at Yellowstone (Craig et al., 1978; Chiodini et al., 
2012) consistent with a plume origin for the Yellowstone hotspot 
(Craig et al., 1978; Schmandt et al., 2012). As shown in Fig. 1 and 
Table S1, 3He/4He values close to MORB (6–8RA), are found in the 
Cascadia arc (8RA), San Andreas and Walker Lane plate bound-
ary fault zones including the Salton Trough (6RA) and locally in 
the Basin and Range and the Jemez Caldera of the Rio Grande 
rift (6RA). Other intraplate areas also show significant mantle de-
gassing, for example, through natural gas fields on the Great Plains 
(4RA at Bravo Dome; 3RA at Hugoton Field), in groundwaters in 
southern New Mexico (4RA), in hot springs of the Colorado Rocky 
Mountains (5.9RA), and in the dissected hydrologic system of the 
Grand Canyon (1RA). The springs that were selected for analyses 
included cool as well as warm or hot springs, with temperatures 
ranging from 20 to >60 ◦C. Most of the sampled carbonic springs 
have 3He/4He values >0.1RA (Fig. 1), a value considered to rep-
resent an unambiguous mantle He input (Ballentine et al., 2002). 
Lowest 3He/4He, consistent with cratonic values, were found in re-
gions underlain by lithosphere with high relative mantle velocities; 
0.05RA in Archean Wyoming province and Great Plains, 0.03RA in 
SE New Mexico and northern Texas, and 0.02RA in the Canadian 
Shield.

We examine additional possible controls on mantle degassing 
by graphing 3He/4He variations relative to several mantle and 
crustal geophysical properties (Fig. 2 and Figs. S1–S6). Most of the 
mantle datasets result in a wedge–plot relationship whereby the 
highest 3He/4He ratios occur above regions of low relative man-
tle velocity. The highly variable 3He/4He values within individual 
tectonic provinces are interpreted to reflect fluid mixing that can 
lower 3He/4He by dilution of mantle-derived fluids with the crustal 
4He reservoir. Yellowstone provides an excellent example of an 
extreme range of 3He/4He values manifesting mixing in the near-
surface groundwater system even in hydrothermal areas known to 
have fluids with the highest 3He/4He values. Fig. 2 plots the high-
est (least diluted/mixed) 3He/4He values relative to mantle P-wave 
velocity for different regions (see section 2 for regression meth-
ods). These data show that maximum 3He/4He values occur in 
regions of low P-wave (R2 = 0.84) and S-wave (R2 = 0.94) ve-
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Fig. 2. Correlation between relative P-wave mantle velocity at 80 km (Fig. 1) and 
3He/4He ratios (R/RA) for the different tectonic provinces of western United States. 
Note log scale for He isotope values. An exponential fit (R2 = 0.84) was applied 
using the maximum reported 3He/4He value for each mantle velocity domain (bin
size = 1%, minimum number in bin = 10; see regression methods). Cascadia (blue 
dots) is not included in the correlation as high velocities reflect the subducting Juan 
de Fuca slab. He-isotope values that plot well below the trend line are interpreted to 
represent the dilution/mixing of mantle-derived fluids carrying high 3He/4He by the 
crustal He reservoir. Green points = Yellowstone; Red points = used in regression.

locity. The presence of Quaternary volcanism in many regions of 
low mantle seismic velocities suggests a close association between 
partial melting and high mantle volatile inputs at the scale of tec-
tonic provinces. However, 40% of the sampled springs with signifi-
cant mantle He are >50 km from Quaternary volcanics in NAVDAT 
(Fig. S2) suggesting that diffuse degassing and fault conduits, as 
well as emanations proximal to volcanic fields, are both important 
for volatile loss.

We also examine correlations between 3He/4He variations and 
mantle velocity gradients. The western U.S.A. has very sharp 
(<100-km-wide) mantle velocity contrasts (maximum of 11% for 
νS, 6% for νP) that seem to necessitate ongoing mantle flow and/or 
melt and volatile transfer through the lithosphere. Wedge-plot cor-
relations (Fig. S3) between maximum velocity variations within a 
70 km radius and 3He/4He values show that mantle degassing also 
correlates well with P-wave velocity relief (R2 = 0.82) and S-wave 
velocity relief (R2 = 0.79). These velocity variations would scale 
to 500–700 ◦C thermal contrasts if their origin is assumed to be 
sub-solidus thermal variations (Cammarano et al., 2003). However, 
since a melt phase is likely present (Schmandt and Humphreys, 
2010), thermal contrasts are less and we interpret the regions of 
high velocity gradient to be conduits for melt and volatile transfer 
from the mantle to the crust (Crow et al., 2011). An inverse corre-
lation with lithospheric thickness (Yuan and Romanowicz, 2010) is 
fairly good (R2 = 0.7; Fig. S4) suggesting that lithospheric thinning 
enhance volatile transfer.

We also test for a crustal role in accounting for lateral varia-
tions in 3He/4He ratios, such as the proposed correlation between 
3He/4He values in the Nevada Basin and Range and crustal GPS 
velocity (Kennedy and van Soest, 2007). In this model, a higher 
crustal strain rate was envisioned to facilitate upward volatile 
transport through a relatively impermeable lower crustal ductile 
layer, which was viewed previously as a barrier to mantle inputs. 
Correlations are good in parts of the Basin and Range (R2 = 0.7; 
Fig. S5). However, the relationship breaks down in the Rocky 
Mountain region where 3He/4He values are high and contempo-
rary crustal strain rates are near or below the limits of detection of 
GPS data. This corroborates studies (Wannamaker et al., 2008) that 
show that fluids migrate at a range of scales during ductile de-
formation through transient brittle vein and shear zone networks, 
and along grain boundaries.

Seismic vP/vS ratios are sensitive to quartz, the weakest min-
eral commonly found in ductile crust and hence crustal com-
position may act to localize deformation (Lowry and Gussinve, 
2011). We compare crustal vP/vS to 3He/4He (Fig. S6) to test 
whether bulk crustal composition influences the ability of man-
tle volatiles to reach the surface. The maximum correlation is very 
low (R2 = 0.13) suggesting that crustal lithology does not have a 
first-order relationship to the variable distribution of 3He/4He at 
the surface.

The carrier gas for transit of mantle He is inferred to be 
predominantly CO2 and CO2/H2O supercritical fluid associated 
with mantle partial melting and regions of high heat flow (e.g., 
Sherwood Lollar et al., 1997; Newell et al., 2005). One selection 
criteria for sampling and tabulating springs was to find carbonic 
springs with elevated CO2 partial pressures. Springs reported here 
have PCO2 of >10–100 times atmospheric values (10−3.5 atm) and 
many have PCO2 ∼ 100 (fluids equilibrated with a near pure CO2
gas phase). Many of these springs host travertine deposits that 
also reflect high CO2 content and persistent degassing for millions 
of years (Crossey et al., 2006).

Fig. 3 is a cross section of the Rio Grande rift that illustrates 
the proposed pathways for transfer of mantle volatiles. We infer 
that both He and CO2 can be conveyed from the asthenosphere 
to the lithosphere via dike and sill networks that transmit basaltic 
melts and associated volatiles. Lithospheric shear zones also con-
vey volatiles (Kennedy and van Soest, 2007). Melt and heat trans-
fer induces further melting of mantle lithosphere such that it is 
generally difficult to determine the extent to which mantle He 
is recently delivered from asthenosphere (last few million years; 
Kennedy et al., 1997) and/or can be mixed with stored subcrustal 
lithospheric mantle volatiles (Reid and Graham, 1996). Likewise, 
CO2 can be a mixture representing both young magmatic flu-
ids and stored CO2 (Humphreys et al., 2003). Seismicity near the 
brittle–ductile transition both facilitates and is a symptom of up-
ward ascent of volatiles. Empirical data suggest that endogenic 
fluid ascent is not uniform but occurs preferentially in perme-
able pathways as suggested by the distribution of springs and 
travertines along faults and near magma bodies. Mixing of endo-
genic fluids with epigenic fluids takes place cryptically in aquifers 
(Williams et al., 2013), so travertine-depositing cool springs as well 
as geothermal springs are surface manifestations of variably mixed 
waters that carry a significant but difficult to quantify endogenic 
component.

The origin of the carbon in the deeply sourced CO2 compo-
nent can be estimated by examining its relationship to 3He via the 
CO2/3He ratio. MORB has a narrow range of CO2/3He (2 to 7 ×109), 
whereas continental crustal fluids are characterized by highly vari-
able CO2/3He ranging from 109 to 1014. A 5-order-of-magnitude 
spread of CO2/3He in the western U.S.A. shows that there is not a 
simple systematic relationship between 3He/4He and CO2/3He and 
suggests heterogeneous distribution of CO2. Fractionation of the 
CO2/3He ratio is likely as, or more important than, fluid mixing 
such that binary (O’Nions and Oxburgh, 1988) and ternary (Sano 
and Marty, 1995) mixing models provide incomplete explanations 
for CO2/3He variability (Hilton, 1996; Sherwood-Lollar et al., 1997).

Another method to help quantify the components of the CO2
load uses water chemistry (Chiodini et al., 2004; Crossey et al., 
2009). First, the dissolved inorganic carbon (DIC) derived from 
carbonate dissolution in the aquifer is calculated (Ccarb = Ca 
+ Mg–SO4), defining remaining CO2 as external carbon (Cext =
DICtotal − Ccarb). Second, C isotopes are used to estimate soil/ 
organic contributions (Corg) versus the deeply-derived endogenic 
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Fig. 3. Schematic cross section of the Rio Grande rift showing the conduit system for ascent of mantle volatiles in continental smoker springs. Mantle S-wave data from West 

et al. (2004).
component (Cendo). Karlstrom et al. (2013) showed different cal-
culated proportions of the Cext component of the DIC for the Col-
orado Rocky Mountains and Colorado Plateau reflecting different 
aquifer types, but endogenic (deeply sourced) CO2 was impor-
tant in the carbonic springs of both regions. DICtotal, multiplied 
by spring discharge, gives a minimum estimate of CO2 flux via 
the springs. As examples, a total of 109 mol/yr of CO2 is being 
contributed from the Rocky Mountains (Karlstrom et al., 2013), 
108 mol/yr from the southern Colorado Plateau springs (Crossey 
et al., 2009) and 1011 mol/yr from Yellowstone (Werner and Brant-
ley, 2003). Thus, even this small subset of western U.S. degassing 
shows that diffuse CO2 contributions from extensional continen-
tal regions are an underappreciated but globally significant output 
of CO2 from the solid Earth compared to subduction zones (1.5 ×
1012 mol/yr) and mid-ocean ridges (2.2 × 1012 mol/yr) (Hilton et 
al., 2002).

4. Geomicrobiology

The geomicrobiology of continental smokers offers considerable 
opportunity for the discovery and characterization of understudied 
microbial communities. Fluid–rock reactions determine the compo-
sition and distribution of metabolic niches in hydrothermal ecosys-
tems such that the potential for variation within continental rocks 
is likely greater than in basalt/serpentinite/peridotite-dominated 
submarine systems. A microbial community survey was conducted 
on 28 cool and warm springs in the western U.S.A. in diverse ge-
ologic provinces that demonstrated differential mixing of deeply 
sourced fluids with shallowly circulated water (Colman et al., 
2014). The springs harbored diverse taxa, although the metaboli-
cally diverse Proteobacteria phylum dominated the dataset (81.2% 
of all bacterial 16S rRNA gene sequences recovered). Each spring’s 
microbial community was largely distinct from others, but corre-
lations between community composition and spring geochemical 
properties were observed. In particular, geochemical proxies for the 
amount of endogenic fluid input into springs correlated with taxo-
nomic composition. Springs with lower endogenic fluid input (e.g. 
lower modeled equilibrium PCO2 ) were represented by ubiquitously 
distributed freshwater heterotrophic taxa; springs with higher lev-
els of PCO2 contained a disproportionate number of taxa that could 
not be classified at the phylum level, as well as indicator taxa 
similar to 16S rRNA gene sequences from uncultivated Betapro-
teobacteria associated with iron-oxidizing biofilms. Springs with 
the highest levels of modeled PCO2 also contained organisms re-
lated to the Zetaproteobacteria, which have previously only been 
detected in marine environments, predominantly in iron-oxidizing 
biofilms at warm vent sites on the ocean floor (Emerson et al., 
2010). Culture-independent analyses have elucidated large global 
distributions of the Zetaproteobacteria, but only a single species 
of the marine autotrophic iron-oxidizing species Mariprofundus fer-
rooxydans, containing four strains, has been characterized (Singer 
et al., 2011). The newly characterized Zetaproteobacteria are stalk-
forming iron-oxidizing bacteria that play a major role in biogenic 
Fe(III) mineral formation in deep-sea hydrothermal vents (Emerson 
et al., 2010), and have received considerable research attention for 
their role in open ocean biogenic Fe-oxidation.

A subset of the 28 springs analyzed in Colman et al. (2014)
were chosen for more in-depth analyses because of their poten-
tial for harboring novel bacterial taxa. A spring group near San 
Ysidro, New Mexico with moderate levels of endogenic fluid in-
put: 3He/4He up to 0.4RA, PCO2 up to 0.93 (nearly pure CO2), and 
moderately high values of geothermal Br, Li, and B was analyzed 
using both Sanger and 454 DNA pyrosequencing (Cron, 2011). Bac-
terial community composition varied considerably, even among 
geographically close (within ∼1 km) springs (Fig. 4). Mariprofun-
dus-like taxa dominated the Twin Mound East spring (Surface and 
Deep samples; Fig. 4 and Table S2). The other three springs were 
dominated by other Proteobacteria taxa. One spring contained a 
minor (0.2%) Mariprofundus-like population, but was dominated by 
Betaproteobacteria that could not be classified beyond the rank of 
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Fig. 4. Taxonomic composition of the major taxonomic groups of bacteria present in four springs at the Tierra Amarilla spring complex. Spring names are given on the left 
axis (Twin Mound East Spring contained two samples: surface and 2 m below the surface, ‘deep’). Major bacterial taxonomic groups (>1.0% of the bacterial community) 
are listed along the right axis. The columns represent relative abundance of each group within each spring community. The letter after the phylum name precedes the best 
resolved taxonomic group that the populations can be assigned to (o – order, f – family and g – genus). Results show the dominance of organisms closely related to the 
chemolithotrophic iron-oxidizing Mariprofundus genus at the Twin Mound East Spring, while Betaproteobacteria closely related to iron-oxidizing, chemolithotrophic Gallionella
spp. (further discussed in text) dominate the North Spring bacterial community. Heterotrophic Gammaproteobacteria and photosynthetic Cyanobacteria dominate the other 
two geographically-close springs in the complex (High Spring and Grassy Spring, respectively).
class. Further analysis of the single unclassified Betaproteobacte-
ria OTU that constituted 56% of the bacterial 16S rRNA gene se-
quences in the spring indicated it was 98% similar to a 16S rRNA 
gene sequence from the microaerobic, autotrophic, iron-oxidizing 
Gallionella capsiferriformans strain ES-2 (Emerson et al., 2013). The 
other two springs were dominated by photosynthesizing Cyanobac-
teria and heterotrophic taxa of the Gammaproteobacteria. Phyloge-
netic analysis of near full-length 16S rRNA genes from the spring 
group samples containing Mariprofundus-like populations indicated 
that the spring Zetaproteobacteria belonged to two monophyletic 
clades (TA_zeta_group1/2, Fig. 5). While the two clades were af-
filiated with the Zetaproteobacteria, they were distantly related 
to marine-vent associated uncultured clones and Mariprofundus
isolates, and potentially represent new terrestrial-associated gen-
era within the Zetaproteobacteria that are distinct from marine-
associated relatives. The present study is the first published report 
of Zetaproteobacteria in a continental setting.

The spring systems near San Ysidro, New Mexico provide a 
distinct hydrogeochemical environment that is necessary for the 
microaerobic chemolithoautotrophic niches employed by both the 
iron-oxidizing (FeOB) Zeta- and Betaproteobacteria found here 
(Emerson et al., 2010). Although Zetaproteobacteria have been 
considered strictly marine iron-oxidizing and Betaproteobacte-
ria strictly freshwater FeOB, our results indicate that continental 
spring ecosystems influenced by endogenic fluids provide impor-
tant opportunities to expand the biodiversity, biogeographic and 
ecological context of iron-oxidizing bacteria. Further investigation 
of these populations may elucidate whether these continental Ze-
taproteobacteria groups exhibit novel physiological adaptations to 
their continental spring environments. We predict they will be 
found in other underexplored continental subsurface ecosystems 
and appreciably contribute to iron cycling in continental as well as 
marine systems.
5. Discussion

5.1. Conduits for volatiles

Highest 3He/4He values of ∼15RA are associated with the ac-
tive volcanic center in Yellowstone; these values reinforce models 
for a plume origin for Yellowstone. High 3He/4He values elsewhere 
in the western U.S. approach MORB values of 8RA above the Casca-
dia subduction zone and San Andreas transform and indicate that 
plate boundaries provide zones for flux of asthenosphere-derived 
volatiles. The positive correlations between measured 3He/4He in 
springs and groundwaters with both low mantle velocity domains 
and sharp gradients in mantle velocity suggest diffuse degassing 
even in areas away from active volcanic regions and plate mar-
gins. This is perhaps surprising given the thickness of continental 
lithosphere. The combination of widespread but spatially parti-
tioned mantle degassing in the western U.S. leads us to a hypoth-
esized conduit system similar to that shown in Fig. 3 involving 
basalt and volatile transfer from the mantle to the crust directly 
by melt transfer. The absence of correlations between 3He/4He 
and GPS-measured crustal deformation suggests that ductile lower 
crust need not be a barrier to volatile flux. Preferential intra-
continental mantle degassing along structural boundaries (Basin 
and Range of Nevada, Wasatch Front of Utah, Rio Grande rift, 
and Rocky Mountains), as well as the association of travertine-
depositing carbonic springs with faults, suggest that the upper 
crustal conduit systems involve deeply penetrating extensional 
fault networks.

5.2. Influences of endogenic fluids on microbial communities

Significant correlations shown by Colman et al. (2014) between 
hydrochemistry (pCO2, [Mg], Cext) and microbial community com-
position suggests that the spring communities are influenced by 
endogenic fluid inputs that are carbonic, reduced, and high in salts 
and metals, for example [Mg]. Similar parameters have been shown 
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Fig. 5. Phylogenetic tree based on the 16S rRNA gene highlighting major bacterial groups (within the Proteobacteria) found at Tierra Amarilla Twin Mound East Spring. 
Their evolutionary relatedness to chemolithotrophic iron-oxidizing isolates, M. ferrooxydans and Sideroxydans spp., which are found in marine and freshwater environments, 
respectively, are shown. Bolded red lineages were found at Twin Mound East and group with Beta- and Zetaproteobacteria. The 16S rRNA genes from characterized, cultivated 
isolates are indicated in italics. The 16S rRNA genes from uncultured, environmental Bacteria are indicated by their Genbank accession number, an ‘uncultured’ label and 
environment of origin. Two distinct Twin Mound East Zetaproteobacterial groups were present. Group 1 was within a larger Zetaproteobacterial group including uncultured, 
marine hydrothermal vent Zetaproteobacteria. Group 2 was more distantly related to all currently characterized Zetaproteobacteria. The presence of a Betaproteobacterial 
lineage (TA_deep_165) closely related to the iron-oxidizing, freshwater chemolithotrophic Sideroxydans genus highlights the potential for a diverse, functionally similar 
chemolithotrophic community present within a single spring. The confidence of 16S rRNA gene placement within this phylogenetic tree analysis (as given by bootstrap 
percentages of 100 replicate trees) is shown for values >50 as black dots (90–100%) or gray dots (50–90%). Bacterial groups with more than one representative are collapsed 
and shown as triangles. The Proteobacteria were rooted phylogenetically with Thermocrinis albus from the phylum Aquificae. The scale in the lower left shows expected 
number of substitutions per site as a measure of divergence between lineages.
to reflect degree of mixing with hydrothermal fluids in marine 
systems (Mottl and Wheat, 1994) where hydrochemistry is also 
highly correlated with diffuse vent microbial community composi-
tion at the Axial Seamount marine site (Opatkiewicz et al., 2009). 
C isotope analyses indicate that the high total dissolved inorganic 
carbon (DIC) in our springs is a mixture of C derived from dis-
solution of carbonate, soil/organic sources, and endogenic sources, 
but that endogenic sources often dominate (e.g. mean of 76% in 
Colorado hot springs; Karlstrom et al., 2013). Even where the per-
centage of carbon derived from dissolution of carbonate is higher 
(e.g. a mean of 42% Ccarb in the carbonate aquifers of the Col-
orado Plateau; Crossey et al., 2009), it is the high endogenic C 
component (33% Cendo for the Colorado Plateau) that promotes 
the dissolution of carbonate in the aquifer and leads to forma-
tion of travertine at spring vents. Thus, the carbonic character of 
continental smokers, and their common association with traver-
tine, are considered to be reflections of inputs ultimately derived 
from magmatic sources, as also supported by the 3He/4He ratios. 
The increased concentrations of CO2 and co-transported mantle-
derived gases and solutes such as H2, Fe+2, H2S, CH4 and S◦
promote reducing conditions and are available to be used metabol-
ically by chemolithotrophs. These processes are similar to those 
at marine hydrothermal vents where chemolithotroph metabolic 
substrates are abundant due to the venting of deeply circulated 
sea water that has gained reduced chemical species from water–
rock interactions (Jannasch and Mottl, 1985). Colman et al. (2014)
show a wide diversity of Bacteria and Archaea in five provinces in 
the western United States within springs that exhibit high endo-
genic fluid components. The heterogeneity in hydrochemistry and 
community composition among the springs support the general 
hypothesis that the extent and character of the endogenic fluid 
input is an important community structuring factor. Thus, the di-
verse microbial systems of continental smokers may bridge the 
ecological dynamics of surficial oxidized freshwater, reduced sub-
surface conditions, mesothermal, and hyperthermal springs, and 
even between marine and non-marine hydrothermal vent set-
tings.

The results reported here contribute to the growing body of 
literature that suggests low-temperature continental springs and 
lakes sustained by deeply sourced fluids harbor distinctive mi-
crobial ecosystems (e.g. Antony et al., 2013; Suzuki et al., 2013;
Crespo-Medina et al., 2014; Morrill et al., 2014; Meyer-Dombard 
et al., 2015). These low-temperature systems hold promise for 
understanding novel biodiversity and the geobiological processes 
that are influenced by deep subsurface geologic processes. High-
temperature volcanically driven systems (marine and continental) 
provided the first insights into chemolithotrophically dominated 
ecosystems that are reliant on metabolic substrates derived from 
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water–rock interactions (e.g. Hugenholtz et al., 1998). The discov-
ery of low-temperature, alkaline, serpentinite-hosted marine vents 
further widened the spectrum of microbially dominated ecosys-
tems reliant on solutes and volatiles derived from deep subsurface 
processes and provide a low-temperature continental analog to ser-
pentinite marine-hosted vents (Kelley et al., 2005). Recent results 
from continental serpentinite-hosted systems (Suzuki et al., 2013;
Crespo-Medina et al., 2014; Meyer-Dombard et al., 2015; Morrill et 
al., 2014) and saline and alkaline lakes, as well as springs, of the 
East African Rift (Antony et al., 2013; Dadheech et al., 2013) have 
documented distinctive continental low-temperature geobiological 
environments. Our work further shows that carbonic springs of 
the western U.S., rich with deeply-sourced fluids, can host micro-
bial ecosystems that have been thus far underexplored, but hold 
promise for insight into the interaction of microorganisms and 
deeply-sourced fluids rich with reduced metabolic substrates for 
chemolithotrophy.

6. Conclusions

Continental smokers are vents that discharge mantle-derived 
fluids in extensional continental settings. They are analogous to 
marine smokers in heat and mass transfer via asthenosphere–
lithosphere interactions, and they can support unique microbial 
metabolic strategies as well as ecosystem niche differentiation. 
A correlation of sharp mantle velocity gradients with high 3He/4He 
values suggests that volatiles may transit through narrow man-
tle conduits. Microbiological results from four springs in New 
Mexico document the first published occurrence of putatively 
chemolithotrophic iron-oxidizing Zetaproteobacteria in a continen-
tal setting. Future analyses of similar springs from tectonically-
active regions worldwide have a rich potential to expand our un-
derstanding of continental biodiversity and the geobiological in-
teractions of microorganisms and their subsurface-influenced envi-
ronments.
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